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Abstract

Data about an effect of cyclic γ-α-γ martensitic transformations on the structure state of reverted austenite Fe-31.
7 wt.% Ni-0.06 wt.% C alloy are presented. The effect of multiple direct γ-α and reverse α-γ martensitic
transformations on fragmentation of austenitic grains has been investigated by electron microscopy and X-ray
diffraction methods. An ultrafine structure has been formed by nanofragmentation inside the initial austenite grains
due to the successive misorientation of their crystal lattice. Austenite was nanofragmented as a result of multiple
γ-α-γ martensitic transformations. Slow heating of the nanofragmented alloy at a rate below 2 °C/s results in
nanograin refinement of the structure by multiplication of the reverted γ-phase orientations. The conditions of
structure refinement up to ultrafine and nanocrystalline levels as a result of both shear and diffusion mechanisms of
reverse α-γ transformation are determined.
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Background
Compacted nanocrystalline metallic materials can be
produced by the methods of powder metallurgy and
intensive plastic deformation (IPD) [1, 2]. These mate-
rials including those having practical importance possess
special structure, which provides their unique properties.
Nevertheless, the methods mentioned are technologic-
ally complicated and energy-consuming. Moreover, the
IPD methods are applicable only for thin disc fabrica-
tion. These drawbacks are overcome in the approach,
which involves refinement of the crystalline structure by
the cyclic γ-α-γ (fcc-bcc-fcc) martensitic transforma-
tions. The refinement occurs in the process of the
reverse α-γ transformation whereby ultrafine or nano-
crystalline reverted austenite is formed [3–7]. The struc-
tural refinement can be regarded as an extension of the
method of austenitic alloy hardening by the reverse α-γ
transformations that were firstly developed at Institute
of Metal Physics of NASU (Kyiv, Ukraine) and referred
to the method of phase hardening [8].

This paper introduces a procedure used for refinement
of the Fe-Ni alloy to nanoscale level by the cyclic direct
γ-α and reverse α-γ transformations.

Methods
The subject of this study was metastable Fe-31.7 wt.%
Ni-0.06 wt.% C alloy, which was in the austenitic state at
room temperature. The direct γ-α transformation
occurred when cooling in liquid nitrogen. The reverse
α-γ transformation occurred after heating at the rate of
70 °C/s of the samples up to 400 °C in a salt bath (55%
NaNO3 + 45% KNO3). The phase transition kinetics was
studied using differential magnetometry [7]. Characteris-
tic temperatures of the γ-α and α-γ transformations
were determined by magnetization measurements. The
X-ray analysis was carried out on single crystalline
samples. To prepare a coarse crystalline ingot in a high-
frequency induction furnace, a melt has been slowly
cooled down to temperature of 1050 ÷ 1100 °C and then
was quenched in salt water. The cylindrical single
crystals were cut from coarse grains for the X-ray
measurements.
The X-ray diffractometry of single crystalline samples

was performed in RCW-86 rotation chamber with photo
registration using FeKα radiation. Single crystals were
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employed to provide an observation of crystal lattice
misorientation in the range from a fraction of a degree
to several tens of degrees, i.e., to observe the develop-
ment of the structural fragmentation. The maximum
misorientation angle ψ, which characterizes the degree
of the structural fragmentation, was determined from
the azimuthal smearing of the (200)γ and (002)α reflec-
tions of the reverted austenite and the martensite.
Microstructure was investigated using automatic
structure analyser (Epiquant, Germany), transmission
electron microscope (TEM) Philips CM-10, and scan-
ning electron microscope (SEM) Jeol JSM-6490-LV
(BCE mode).

Results and Discussion
The ability of austenite to produce the fine structure due
to formation of highly dispersed fragments in the
process of cyclic martensitic transformations was dem-
onstrated in the work [9]. In this study, austenite
recrystallization of nickel-iron alloys after the multiple
γ-α-γ transformations (α-γ ones being diffusionless) was
firstly described.
The alloy, in which a weak stabilization of austenite with

respect to the subsequent direct γ-α transformation was
observed, was investigated to reveal the evolution of the
structure refinement. During repetitive γ-α-γ transforma-
tions, accumulation, and interaction of stacking faults
occurred in austenite and resulted in the formation of
additional sub-boundaries and appearance of highly
dispersed fragments. Magnetometry showed that amount
of martensite in the studied alloy was reduced by only 8%
after multiple γ-α-γ transformation cycles (Fig. 1).
The X-ray diffraction pattern of single crystalline spec-

imens demonstrated the azimuthal smearing of the
austenite reflections after the reverse α-γ transformation.
With increase of the number of cycles, the magnitude of
ψ was increased and diffraction spots embedded in
Debye rings progressively became more smeared along
the azimuthal direction. After 80–100 γ-α-γ transforma-
tions, the diffraction pattern contained the reflections of
the reverted austenite, which was significantly smeared
out along the azimuthal direction up to 16°. The γ- and
α-phase reflections underwent different extent of
azimuthal smearing depending on the degree of crystal-
line fragmentation. The misorientation of the γ phase
was higher than that of the α phase indicating suppres-
sion of the martensitic transformation in the most
misoriented fragments of the reverted austenite.
The electron microscopy observations have shown

that in the reverted austenite, additional sub-
boundaries are formed by dislocations introduced dur-
ing the cyclic γ-α and α-γ martensitic transformations.
The dislocation density was found to increase by three
orders of magnitude even after the first γ-α-γ cycle.

The measuring of dislocation density was fulfilled
analogous as in [5]. It is important to note that crystal-
line defects appeared in the process of martensitic
transformations are more thermally stable compared to
ones formed in plastically deformed alloys. Conse-
quently, they do not vanish within the temperature
interval of the reverse transformation and, hence, can
accumulate during following cycling. It is evident that
part of dislocations generated during the γ-α and α-γ
transformations moves towards sub-boundaries, thus,
determining their misorientation angle and size of new
fragments. During certain stage of this process, the
sub-boundaries form distinct fragments (Fig. 2). After
10 cycles, the reflections present in the micrograph are
split into 5 ÷ 7 parts that unambiguously indicates the
formation of additional sub-boundaries. The sizes of
the fragments of the reverted austenite decrease with
the number of cycles. As a result of γ-α-γ transforma-
tions, a banded contrast of the same direction which
characteristic for deformation twinning was formed.
The first signs of the contrast in the structure of
reverted austenite appeared after three γ-α-γ transfor-
mations (Fig. 2a). After 100 γ-α-γ transformations, the
twinning structure of reverted austenite was prevailed
(Fig. 2b). The twinning structure appears as a result of
accumulation of the inner strains because of volume
effect of transformation.

Fig. 1 Magnetometric curves of cooling and heating of the alloy in the
initial state (1) and after 100 γ-α-γ transformations (2). The alloy, wherein
a weak stabilization of austenite with respect to the subsequent forward
γ-α transformation was observed, has been investigated to reveal the
evolution of the structure refinement. During repetitive γ-α-γ
transformations, accumulation and interaction of stacking faults
had been occurred in austenite that resulted in the formation of
additional sub-boundaries and appearance of highly dispersed
fragments. Magnetometry showed that amount of martensite in
the alloy studied was reduced by only 8% after multiple γ-α-γ
transformation cycles
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A considerable number of 200–800-nm fragments was
observed after 30 cycles. After 60–100 cycles, their sizes
were reduced to 70–100 nm.
Our investigations have shown that in nickel-iron

alloys, the fragmentation of initial austenite to nanoscale
size (nanofragmentation) occurs if the reverse α-γ trans-
formation is diffusionless.
Structural state of the reverted austenite is formed in

the process of the multiple reverse diffusionless α-γ
transformations and following α-γ transformation
controlled by diffusion mechanism. Diffusionless mech-
anism of reverse α-γ transformation of the investigated
alloy occurs at the heating of quenched alloy in the
interval of this α-γ transformation with critical rate
70 °C/s. The small amount of carbon up to 0.1 wt.%
was not changed of the critical rate of heating.
Slow heating of the quenched alloy (at the rate of less

than 2 °C/s in the interval of the reverse α-γ transform-
ation), which exhibits nanofragmented austenite struc-
ture formed during previous 100 γ-α-γ transformations,
resulted in the nanograin refinement by multiplication
of orientations in the reverted γ phase. The special
structural state formed after such a combined treatment,
i.e., by using diffusion and diffusionless α-γ transforma-
tions, can be characterized by absence of relief, which is
typical for the reverse transformation. Instead, the

features of plastic deformation of the reverted austenite
are seen in Fig. 3.
Additional alloying of Fe-Ni austenite by carbon can

increase the grinding degree of reverted austenite in the
process of the reverse α-γ -transformation [10–13].
Thermal cycling without γ-α-γ transformations do not
result in significant refinment of initial structure [14, 15].
The mechanism involving the formation of highly

dispersed nanoscale level structures by cyclic martensitic
transformations can be employed for development of
metastable alloys with improved physical and mechan-
ical properties.

Conclusions
The fragmentation of the reverted austenite can occur in
the Fe-31.7 wt.% Ni-0.06 wt.% C alloy in the process of
the cyclic γ-α-γ transformations due to development of
the misorientation processes in the crystal lattice. The
cyclic γ-α-γ transformations led to the formation of frag-
ments of nanoscale size; after 80–100 cycles, most of the
fragment size was from 70 to 100 nm.
Slow heating of the quenched alloy at a rate below

2 °C/s results in nanograin refinement of the
structure by multiplication of the reverted γ-phase
orientations. Initially, the nanofragmented structure of
the austenite must be formed by the cyclic γ-α-γ

Fig. 2 Microstructure of reverted austenite after 3 (a) and 100 (b) γ-α-γ transformations. The electron microscopy observations have shown
that in the reverted austenite, additional sub-boundaries are formed by dislocations introduced during the cyclic γ-α and α-γ martensitic
transformations. The dislocation density was found to increase by three orders of magnitude even after the first γ-α-γ cycle. The following
cycles hardly raised the dislocation density in line with findings described in [7]. It is important to note that crystalline defects appeared in the
process of martensitic transformations are more thermally stable compared to ones formed in plastically deformed alloys. Consequently,
they do not vanish within the temperature interval of the reverse transformation and, hence, can accumulate during the following cycling. It
is evident that part of dislocations generated during the γ-α and α-γ transformations moves towards sub-boundaries, thus, determining their
misorientation angle and size of new fragments. During certain stage of this process, the sub-boundaries form distinct fragments. After 10
cycles, the reflections present in the micrograph are split into 5 ÷ 7 parts that unambiguously indicate the formation of additional
sub-boundaries. The sizes of the fragments of the reverted austenite decrease with the number of cycles
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transformations. The orientation multiplication takes
place due to the diffusion mechanism of the reverse
α-γ transformation.
In contrast to the method of the phase hardening,

which was earlier used only for hardening, the method
of structural refinement by cyclic martensitic transfor-
mations is highly promising technique not only for
hardening but also for improvement of physical (e.g.,
magnetic, diffusion, shock-proofing) properties of meta-
stable alloys.

Abbreviations
Bcc: Body-centered cubic; Fcc: Face-centered cubic; IPD: Intensive plastic
deformation

Acknowledgements
The author thanks P. Volosevich and V. Bondar for participating in the
experiments.

Competing interests
The author declares that he has no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 26 December 2016 Accepted: 2 March 2017

References
1. Gleiter H (2000) Nanostructured materials: basic concept and

macrostructure. Acta Mater 48:1–29
2. Valiev RZ, Alexandrov IV (2000) Nanocrystalline materials. Logos, Moscow
3. Kessler H, Pitsch W (1967) On the nature of the martensite to austenite

reverse transformation. Acta Met 15:401–406
4. Sagaradze VV, Kabanova IG (1999) Formation of nanocrystalline structure

during direct and reverse martensitic transformations. Mater Sci Eng
273–275:457–461

5. Nedolya AV, Shapar DY (2016) Estimation of energy of cubic iron-carbon
nanoclusters by molecular mechanic method. Mater Werkst 47(2-3):128–132

6. Sagaradze VV, Danilchenko VE, L’Heritier P, Shabashov VA (2002) The
structure and properties of Fe-Ni alloys with a nanocrystalline austenite
formed under different conditions of gamma-alpha-gamma transformations.
Mater Sci Eng 337:146–159

7. Danilchenko VE, Sagaradze VV, Dzevin IM (2013) Effect of multiple
martensitic transformations on structure of Fe-Ni alloys. J Mater Sci Technol
29(3):279–282

8. Malyshev KA, Sagaradze VV, Sorokin IP et al (1982) Phase-transformation-
induced hardening of iron-nickel-based alloys. Nauka, Moscow

9. Bondar VI, Danilchenko VE (1984) Influence of phase cold working on the
structure and strengthening of iron-nickel single crystals. Reports of USSR
Academy of Sciences 275:1408–1412

10. Nedolya AV, Bondarenko NV (2016) Change of energy of the cubic
subnanocluster of iron under influence of interstitial and substitutional
atoms. Nanoscale Res Lett 11:15

11. Nedolya A (2016) Conditions of spontaneous growth of iron
subnanocluster: the influence of impurity atoms. In: Book, Fesenko O,
Yatsenko L (eds) Nanophysics, nanophotonics, surface studies, and
applications, Springer International Publishing Switzerland 2016; Springer
Proceedings in Physics, vol 183., pp 231–245

12. Nedolya AV (1997) XRPD application for laser-treated surface of Fe-based
alloys study. Il Nuovo Cimento D 19(2-4):609–615

13. Dzevin IM (2015) Microstructure inhomogeneity of Fe-31% Ni alloy and
stabilization of austenite. Nanoscale Res Lett 10:117

14. Bazeluk GY, Bondar VI, Dzevin YN (2007) X-ray diffraction investigations of
crystallic structure changes in the Ni-based alloy at the thermal cycling.
Solid State Phenom 130:267

15. Andryushchenko VA, Gnatyuk IY, Dzevin EN, Shapoval TA (2001) Getting the
special properties of the Fe-Al-C Alloys by means of inducing of phase and
structural changes. Metal physics and new technologies 23:257–261

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Fig. 3 Raster image of a surface of reverted austenite after 100
γ-α-γ transformations with fast heating and one γ-α-γ transformation
with slow heating at the interval of α-γ transformation. Special
structural state of the reverted austenite is formed in the process of
the multiple reverse diffusionless α-γ transformations and following
α-γ transformation controlled by diffusion mechanism. Slow heating
of the quenched alloy (at the rate of less than 2 °C/s in the interval of
the reverse α-γ transformation), which exhibits nanofragmented
austenite structure formed during previous 100 γ-α-γ transformations,
resulted in the nanograin refinement by multiplication of orientations
in the reverted γ phase. The special structural state formed after such a
combined treatment, i.e., by using diffusion and diffusionless α-γ
transformations, can be characterized by absence of typical for the
reverse transformation relief. Instead, the features of plastic
deformation of the reverted austenite are seen in figure
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